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The Linked Windows Interactive Data Syste i (LinkWinds) is a prototy[ie visual
data cxploration syste mresulting froin a NASA/JPL program of rescarclyinto ap-
plying graphicalinethods for rapidly accessing, displayin g andanalyzing largemul -
tivariate multidisciplinary data sets. Running under UNIX, it is a1 integrated
multi-application executing environment using a data-linking paradign to dynain-
ically interconnect and control multiple windows containing a variety of displays
and manipulators. T'his paradigm, resulting in a systemn much like a graplhical
spreadsheet, is not only a powerful methiod for organizing large a1 nounts of dat a
for analysis, but leads to a highly intuitive, casy-to learn user interface. It provides
great flexibility in rapidly interacting with Jarge masses of complex data to detect
trends, correlations and anomalics. TTie system, containing an expanding suite o f
non-domain specific applications, provides for the ingestion of a variety of database
formats, and hard copy output of all displays. Rer note networked workstations
running Link Winds may be interconnected, providing a Multi-User Science I nvi -
romment (MUSE) for collaborative data exploration by a distribut ed science te am.
The systein is being developed in close collaboration with mvestigators ina variety
of science disc iplines using botli archived and real-titllc data, It is currently being
used to support the Microwave Limb Sounder (MLS) in orbit aboard UARS. Tle
application of LinkWinds to this data to rapidly detect features such as the ozonc
hole configuration, and to analyze cot relations between chemical constituents of the
atmosphere will be described.

1. INTRODUCTION

Recent advances 1 remote sensing capabilities and computational power arc providing unprecedented ability to
study our world. These iinprovements arc also producing an ever increasing flood of data which must be gathered,
transported, stored, and analyzed to be fully utilized. This paper reports on a system capable Of facilitating the
rapid visual analysis of large masses of data, and discusses its app lication to upper atmosplieric science. 'T'his system
grewoutof a NA SA project at the Jet Propulsion liaboratory to study the application of computer graphics to the
problems of quickly and interactively exploring and analyzing very large amounts of scientific data. The objectives
of the program arc (]) to develop a software environment which will support the rapid prototyping of visual data
analysis applications, while at the same tiime maintaining the high level of performance necessary for interactively
manipulating graphical displays; (2) to develop a user interface that is truly intuitive, allowing quick access to the
software for thenovice as well as the advanced user; (3) to provide a suite of sample applications which arc useful

across a variety of scientific dise iplines; and (4) to provide tools to support user development of applications for this
cuvirommnent,,

2. LINKWINDS

The Linked Windows Interactive Data System, or LinkWinds, is a prototype product of this rescarch effort. In
compliance with the rescarch objectives, 1i ntkWinds, an integrated inult i-ap plicat ion execution environment w




full graphical user interface (G Ul), is a visual data analysis and exploration gystein designed to rapidly and inter-
actively investigate large multivariate and multidisciplinary data sets to detect trends, corrclations and anomalies.
The system, operating under UNIX, is based on an object-oriented programming model and is implemented in the C
Janguage. 1t draws upon the Silicon Graphics Inc. (SG1) G, library for jts GUI and graphics support software and

presently runs only on workstations supporting, this library. Thisincludes all SGIworkstations, and those of other
manufacturers who have licensed and support the G, Jibrary. Thii d pai ty software and the advent of Open G1, as
astandard graphics hibrary will greatly inercase the portability of LinkWindsinthe near future.

Data sets and individual tools for display or control of the data are coded as objects, cach occupying @ window on
the LinkWinds € reen, and commmunicating with other objects through a message passing protocol. The objects 01
windows can be linked or unlink ed at the discretion of the user. Linking the windows scts UP one-way message paths
between objects. This data Linking paradigminakes the systen per forn much like a graphics spreadshicet, and as in
aspreadsheet, is apowerful way of organizing the data for analysis while providing @ natural andintuitive interface.
Data-linking, and its user interface implications, are disc ussed bolow,

Messages generated by LinkWinds objects are recorded as prograt statements in anunderlying language called Lynx.
The 1miessage passing characteristics are the basis for two key LinkWinds functions. The first is the maintenance of
aninternal journal of all user originated connnands €Xe¢ uted by the environment. ‘This file can be saved at any tnne
through amenu option. The record cauthen be replayed at the initiation of subsequent Link Winds sessions, allowing
theuser to draw upon a previous layout, of LinkWinds app lications and links, or repeat a full analysis session.

The sceon d function based upon the Lynx icssage passing protocol is the Multi-User Science Environient (M US1),

which provides a method for multiple LinkWinds systeins to communicate via networks. Using mnenu options, users
remotely separated can conneet to ouc anot her, and by also establishing a telephone voice connection, can coopera-
tively view andmanipulate theirdata. A successful connection requires that cach user be executing LinkWinds and

that cach hias access tothe data scts being analyzed. This is normally arranged by transporting the data sets prior
to the collaborative session. Because only the messages are serit, and not the actual data, avery low bandwidth is
required, making for quick and eflicient conmnunication. The MUSIE capability is aso used to give tutorials over the

network to new users and to allow users to deinonstrate recommmendations for application changes or to point out
bugs.

Hard copy of the LinkWinds displays arc provided by function keys on the keyboard. Placin g the cursor in a window
and pressing 11 produces an image of a window’s contents; pressing 1'2 saw's the complete window and frame; and
1°3 saves the full sereen. The figures shhown were obtained in thisimanner.

S DATA-LINKINGAND THE US ERINTERFACE

In addition to thenormmal GUI functions provided by the windowing cuvirommunent, dynamic manipulation of graphs
and images is facilitated through the data-linking paradigm. Data-linking can be understood in the context of a
spreadsheet, where cells containing numbers are linked to other cells. Formulac are assoc. ated with cachicell, so that
whena number changes, all cells linked to the chauged cell recaleulate their valuess. LinkWinds does the saine thing,
but 111 a graphics environment where the rigid grid structure gives way to free form, and a cell can translate, for
instance,into sliders or large scale number arrays sucl | asimages.

This data-linking paradigm is onc of the most distinguishing feat ures of LinkWinds, and evolved from a desire to
create a truly easy-t,c)-lcar]l andintuitive user interface. A guiding principle is that users are inpatient and want
to get started on productive work as quickly as possible. Large manuals only discourage them [M.Rol,l,ig;, 1991).

Therefore, an interface was needed which can be learned by exploration, and which conforms to expectations as the
user Works.

1)ata-linking is aflected through two icons. “T'he link icon is a button displaying two interlocking rings, while the
unlink icon displays two rings that arc scparated. Objects on the screen may have a single link button, the full set
of link andunlink buttons, or 110 buttons. The presence of a single link bution indicates a data object, while the
presence of the pair indicates applications with control functions. A window withno buttons is an application with
only display capabilitics. 'To perform a link, the cursor is placed on the appropriate button, and a “rubber baud”
is dragged out and droppedinto the application to be linked. T'o break the liuk, the same thing is done using the
unlink button. The rubber bands signifying the links may be cit her continuously displaved or hidden duriug (1.
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session depending on he user’s There are two simple rules to follow in applying the .inking paradign.

1. When as a result of nienu sclections an empty window appears on the screen, pu data init. This is doune by
linkiug a data object into the window.

2. When an object with the pair of link symbols appears, exercise its control function by linking it into any application
object.

Our experiences with users has confirmed the intuitiveness of this paradigm. Scientists very quickly become familiar
with the manipulations that control LinkWinds, often grabbing the mouse out of our hands during demonstrations
to try themselves. New users typically require about 30 minutes of demonstration to understand the system well
enough to embark upon productive work. Recently, groups of incoming Caltech graduate students were sent for a
LinkWinds tutorial, and they very quickly were performing competently.

Wlile the LinkWinds scheme of linking togetlier objects on the screen is reminiscent of data-flow systemns, the
siilarity is only superficial.  LinkWinds is a nlti-application exceution environment and therefore has signifi-
cant architectural differences which result in more eflicient use of computer memory, a flatter learning curve and
optimization for exccution, rather than for progrannning.

4. DATABASE INTERFACH

The current version of LinkWinds interfaces with both archived and real-titme data. In the archived data mode,
the primary data interface is with the widely accepted 8-bit raster and scientific Hierarchical Data Formats (11DI),
created and supported by the National Center for Supercomputing Applications (NCSA) at the University of Hlinois,
at Urbana-Champaign. The 8-bit raster forinat allows 3-dimensional data files to be constructed as a scquence
of immages. LinkWinds also accepts data in a byte format, the Silicon Graphics Inc. RGB hnage forinat, and the
Comnnon Data Tormat (CDIY), originated and supported by the Goddard Space Flight Center (GSFC). Additional
data formats arc imported using Datallub [1.11. Handley, Jr. and M.R. Rubin, 1993}, a system being developed
in close collaboration with the LinkWinds eflort, and also supported by the NASA Applied Information Systeins
Rescarch Program. I is currently used to provide LinkWinds directl access to a wide variety of data formats including
the Airborne Visible and Infrared Imaging Spectrometer (AVIRIS) format, Planctary Data System (PDS) format, and
NclCDI, a derivative of CDY developed and supported by the National Center for Atmospheric Research (NCAR).
The two projects are working together so that Datallub and LinkWinds may be called from inside the other, thus
complementing their capabilities. LinkWinds will use Datallub for additional formats and to reduce large data sets,
while Datalub will utilize LinkWinds for visual data selection, subsctting and validation.

Data scts Lo be ingested by LinkWinds are listed iu a text file and appear in the top level “Databases” menu. Wild
cards may be used in this text file, allowing whole classes of data files to be accessible. New data files created during
a session by Datallub or LinkWinds’ subsetting tool may be automatically added to the menu. Metadata needed
to translate data and axis values to meaningful numbers, such as the number of axes and their names, is obtained
froin data files in the standard formats. A special metadata file exists for the raw byte data or to provide additional
information not contained in the standard formats.

5. APPLICATION TO ATMOSPHERIC JATA

A suite of applications useful across many disciplines has been developed for the LinkWinds environment (sce
Table 1). Tigure 1 shows a typical session to explore a data sct collected by the Microwave Linab Sounder (M1
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curre yily in orbit aboard the Upper Atmosphere Rese are |y Satellite (UARS) [Wate s o al., 1993). This data is three
dimensional, with the concentration of various chemical constituents varying with latitude, longitude, and pressure.
The instrumnent has sensitivity over the range from 100 millibars (imb) to .1mb. A new data set is collected daily;
the data shown here is from day 56 of the mission, which is day 310 of 1991.

The LinkWinds top-level menu appears in the center left of the figure. 1rom this menu the datalases, tools and
systein options are sclected. Data obj cets, with their single link buttons, are just above the tuenu. In this case,
the data displayed arc ozonc and water vapor. The window entitled Imagel contains @ slice of the ozonc data at a
pressure of 21.54mnbars, as selected by Slider], which is linked to it. Shider] is also hinked to hmage2, which shows the
wate - vapor at the same pressure. Skder] PErints (hie user to scan the full data set from the maximum to minimum
altitudes. T'he user can also switell to any of the three orthogonal axes and similarly scan them. Thieamount of
cach constituent is givenby color, as indicated onthe color bars at the bottomn of thelmages, with red denoting high
concentration and bluelow. Grey mdi cates MU sding data, Where MLS could not measut e die o the orbital P osition,

orientation and sensing range of [I ARS.

The southern hemisphere ozone hole is clearly seen at the lower left of hmagel , andahigh value of the water vapor
is sceninthe corresponding location of Inage?. This anticorrelation is readily visible in Scatter], where the points
shown corne from the region defined by a hounding box control embedded in linage and linked to Scat terl. This box,
visible in the lower left of linagel , €al1 be resized or moved as desit ed. Tor every point inside this box, Scatterd plots
the ozone vertically versus water vapor horizontally. Inthe text box of Scatterl, statistical quantities associated
with the scattered data arc given. Of particular note is the closencss of the correlation coeflicient to - 1, indicating
high lincar anticorrelation. Other information such as third and fourth moments, linear best fit data of thescatter,
the nutnber of points scattered, and the clli-squared value may be sclected fromn the Scatter menu. The fullrange of
statistical informationinay besaved to a file via a but ton.

T'wo other applications display data along one dimension. Inthe lower center of Figurel, LincPlot] displays ovouc
concentration as a function of pressure. The location in lati tude and longtitude of this plot is controlled by hinagel,
which has been linked into Linellot]l. The green plot corresponds to the frozen crosshair at the center of hnagel
while the white plot corresponds to the red crosshair and is instantancously updated as the crosshair is moved. The
much lower white values reflect the paucity of ozone inside the hole. 'FThe Profile application to the left of Linellotl
shows ozone concentration along the cyan linein the slice of lmagel This line may be interactively updated. The
current Profile line starts in the ozone hole, goes through an ozone rich region, and ends back in the hole. This
is reflected bothiinthe colors of lmagel as w ]] as the height of the curve of Profilel, providing a different way of
visualizing the data.

Because this data Set is global, Figure 2 shows the ozone data displayed in Globel as both a color and height field
rendered 011 a sphere. The ozone hole, and adjacent regi ons of higher ozone, are clearly scen. 'The water vapor data
could have beenused for the height field, clearly deinonstrating any correlations. Slider! also sets the pressure slice
of this display, and the height scale is determined by the rotary dialonthe left side of the window. Pan-Zoom and
2- Axis Rotator controls linked to Globel allow it to be interactively positioned as desired.

I'he Combine tool allows mathematical manipulations to be performed on slices of data. A calculator called {rom
Combine via a button contai ns the standard matheinatical functions, and allows the input of constants as well as
slices. The user can combine up to three slices of data, from the samne set or mixed sets, in any mathematical
expression desired. In Figure 2, these slices have been sclected by linking in LinePlot, with the red, green, and
blue sliders setting the levelsto be 21.54, 14.68,and 1() mb. The calculator has sur nmed these three slices, and the
resulting siice and histogram of the data distribution arc displayed in Combinel

Arvnoung the tools in Table 1, two which deserve special comnment facilitate the ereation of aniiations for iim nediate
display on the screen or subsequentt recording on vid co or filin. One animator is frame based, with the user scl e cting
starting and ending Control values, and the nuinber of frames desired inthe animation. The other antmator is time
bascd, The user sets any number of control positions, each with associated key times graphically sclected by moving
the hands on a clock. The Anlmator then interpolates between these set positions to easily make animations with
great flexibility inthe control, The desired frame rate is selected from the animator menu. Teseinelude those for
filin, video, and a screen display modce which imnakes the animationin real time.

6. FUTURE PLANS



Several developments are plauned for the future to significantly improve the usefulness of LinkWinds. As in the past,
we will continue to develop applications in collaboration with scicnce users secking to solve real problems. Where
relevant, these applications will make use of modern rendering techniques which can successfully be applied in an
interactive enviromment.

A 1najor impedance to the use of any visualization tool is the difficulty uscrs have ininputting their data. Devel-
op nients of LinkWinds and Dat allub will continue to inake this process as scaimless and automatic as possible. A
related issue is thetypes of data addressed by LinkWinds.  Available tools for visual data analysis are generally
confinedtorelatively well-1)cllaved andrectangularly gridded dat a sets. LinkWinds’ first venture fromthie common
mold was into the realin of real-time data, creating a capability to ingest such data and building interactive app li-
cations for monitoring and analyzing it. There are other major neglected categories of data that are quite common
in scientific rescarch, and badly in need of tools Lo support their exploration and analysis. Several problein areas to
be addressed in the future fire (1) data sets inwhich there are significant sources of error , cither statistical and/or
syst cmatic; (2) data sets which arc ung ridded sam ples, either sparse or nuinierous, from which the user desires to
construct gridded data sets over extended reg jons; and (3) disparate sized data sets from a variety of instruments
which must be warped and/or co- registered for overlay or compatison.,

Inthe future, weintend to pursuc the developimment of a users’ applications generator for Link Winds. Currently, the
layout of the objects, or widgets, in all of the windows is deterimined by a text file. The usc 1 can re-configure these
windows either by editing this file or interactively from a menu-sclectable “redesign” mode. We intend to expand
this tool kit approach to further allow users to throw widgets away, 0or add new widgets froma provided catalog,
Incoujunction with the widget moves, LinkWinds will generate aC code source module to make the widgets work.
This code will be suitable for use as a temipilate for the development of a full application. A's expericnce is gained
with this app roach, and a plannied conversion of tliec code to C+|-| is accomplished, we aut ici pate that the rendering
and display processes will also lerid themnselves to a limited catalog of processes selectable by the user.,

Aware that the ouly way to develop useful tools is inconjunction with rescarch on meaningful problems, our policy
has been Lo encourage users and potential users to contact us concerniug LinkWinds’ changes and needs. We have
responded and will continue to do so to the limit of ourresources. LinkWinds is currently inuse at more than ten
institutions, being applied to problemns in both remote-sensed and field geology, atinospheric physics and chiemnistry,
meteorology, oceanography, chemical spectroscopy, space plasinas, genetics and cellular biology. As it, cvolves we
expect to interact with a wider distribution of scientists engaged inrescarch spanning additional scientific disciplines.
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StreamPlot
Streainlane
StrecamPlane
StreammClock

ChannelShder

Control
Jont rols whiclt stice of data is displayed alomg any of thivee orth ogonal axes
Phrec sliders control the slice of data displayed along the three ortl ogonal axes
I'hree sliders, one for cach axis, rotate three dimensional applications
One shider moving in a two dimensional arca rotales
JDiree dimensional applications
Jontrols three dimensional applications by changing the viewpoint
six sliders dctermine three slit.cs of dataandtheir threc absolute © {iscts
Provides time based animations of any application with an arbitrary
inber of key frames, with a varicty of fraine rates
Provides frame based animations of any application, with
anly the start and stop cont rol values being set
Interactive data set palette manipulation allowing color editing,
dataranges being rainpedin color, or substitution of pre-definedpalettes

Display/Control

Up to three slices of data are combined using standard
mathematical functions entered in an cinbedded cale ylato
The functional behavior of each point in a dala set 1s compared with a
reference point using a variety of mathematical functions
Allows the user tointeractively save portions of the digplayed data into 1111
Plots the values along astraightline going comnpletely througha data set
parallel 40 any axis, and also functions as a slider 1O select three slices
Displays the distribution of values jyy the 256 data ¢hanncls for up
to three slit.cs, and provides filtering and color stretching
Displays a single slice o { data or a composite RGB nnage of three
slices with embedded crosshiair, bounding box, and line controls

Display
Renders an image in perspective relief, with an optional accompanying,
height field, of either a single slice or RGB three slice composite
Renders an iinage on a globe, witly an optional accompanying
height field, of cither a single slice or RGB three slice composite
1)3’5;;’1@;}“2 three dimensional rendering all the points
in a data set between two values
Displays the data values along aline drawn o11 the
Iinage, Combine, or Compare tools
At every locationin a dice, plots the values of onc
data sct against the other to show the correlation
At every location in a dice, plotsthe values of three
data sects in three dimensions to show their correlation

Gives mumcrical information about the data in himage, Combine, or Compare
both at a point and averaged over a bounding box

Real-time
A strip-chart rcc.order displaying data as cither color orline plots
as afunction of channel nunbervertically and time horizontally
Plots data value versus channel nummber, updating in real time
with oplions of saving a spectrum and avera ging in time
Functions much like StreamPlot, but with the data rendered
in relief using the dai, a values for height and color
Provides timing information for the current data, giving
elate, day of year, timcof day, andinternal spacecraft time
Controls the range of channelsto be viewed, allowing
concentration o1 features of interest

Table 1. Current Suite of LinkWinds Applications
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Figure 1. LinkWinds session to czplere upper elmospheric ozone and
water vapor measured by the Microwave Limb Sounder aboard UARS
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